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(54) Wearable, self-contained drug infusion device 



(57) A wearable, self-contained drug infusion device 
is disclosed that is capable of achieving the precise flow 
rate control needed for dose-critical drugs such as insu- 
lin. In preferred embodiments of the device, plezoelec- 
trically-actuated valve or pump structures are used In 
combination with themiai flow sensors and closed-loop 
control circuits for providing the desired flow rate control. 
The miniaturization that is possible with each of these 
technologies allows the drug infusion device to have 
very small dimensions so that it can be worn by the user 
with a minimum of discomfort and inconvenience, while 
at the same time allowing for the close control over flow 
rate that is required for safe and effective delivery of in- 
sulin and other drugs. Preferred embodiments of the de- 
vice have a two-part construction in which the more ex- 
pensive electronic components are housed in a reusa- 
ble portion and the fluid delivery components are 
housed in a separable disposable portion. This is ad- 
vantageous not only in reducing the effective cost of the 
device to the user, but also in assuring sterility of the 
drug and preventing fluid communication of the reusable 
^ portion by confining the fluid flow path to the disposable 
<^ portion. Also, because control over the flow rate of the 
^ drug Is carried out electronically, variable and/or pro- 
O grammable control over the flow rate is possible. This 
00 renders the device particularly suitable for those drugs, 
|s. such as insulin, that require different delivery rates at 
1^ different times for different patients. Preferred embodi- 
^ ments of the invention may also utilize a wireless unit 
for controlling the operation of the drug infusion device. 

Q. 
LU 



The wireless unit may communicate with the reusable 
portion of the drug infusion device using radio frequency 
(RF) methods, optical Infrared (IB) methods, or other 
methods. 
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Description 

Field of the Invention : 



insulin, to a patient. '° ^ "^"^^ °^ medications, including but not limited to 
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Background of the Invention- 
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and results in organ failures, ^^mnr^^TZS^'lT^ 

that the cost Of the complications r^^d to dlb^^ ;^^^?^ ""^"'^ ' "^"^ ^^own 

and complications Trial foS^ wLfa ten ye« °' '^^^^^P^ "^^^ Diabetes Control 
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[0007] Once the oral agents are noJing^r ef^'cl ins^^ ^^^"'^ 
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[0009J As their interest in intensive "herapyTncreases usr wrarv ookT" 'T'" "^""''^ '° y^^'^' 
their high cost (roughly 8 to 10 times the daVrst oT^vrtno 2^^"=^"^°°^*° P^'^P^' ""^ever, in addition to 
relatively oldtechnologyandarecumbersometo use mT^Z P^^'P^ ^^P^^^ent 
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[0011] In summary, patients on oral agents eventually move to insulin, and existing pump therapy is very expensive. 
Interest in better therapy is on the rise, accounting for the observed growth in pump therapy and increased number of 
daily injections. What is needed to fully meet this increased interest is a form of insulin delivery that combines the best 
features of daily injection therapy (low cost and ease of use) with those of the insulin pump (continuous infusion, 
5 precision dosing and programmable delivery schedules), and that avoids the disadvantages of each. This will allow a 
greater number of patients to have access to improved insulin therapy at lower cost. 

[0012] Several attempts have been made to provide ambulatory or "wearable" drug infusion devices that arc low in 
cost and convenient to use. Some of these devices are intended to be partially or entirely disposable. In theory, devices 
of this type can provide many of the advantages of an infusion pump without the attendant cost and inconvenience. 
10 Unfortunately, however, many of these devices cannot provide precise control over the flow rate of the drug at a low 
delivery cost, and are thus not compatible with dose-critical drugs such as insulin. In addition, devices that operate 
with fixed insulin flow rates may meet cost targets but still require bolus injections at mealtimes. Ultimately, therefore, 
these existing devices do not represent an optimal alternative to infusion pumps. 

15 Summary of the Invention: 

[0013] In accordance with the present invention, the disadvantages and limitations of the prior art are substantially 
avoided by providing a wearable, self-contained drug infusion device that is capable of achieving the precise flow rate 
control needed for dose-critical drugs such as insulin. In preferred embodiments of the invention, piezoelectrically- 

20 actuated valve or pump structures are used in combination with thermal flow sensors and closed-loop control circuits 
for providing the desired flow rate control. The miniaturization that is possible with each of these technologies allows 
the drug infusion device to have very small dimensions so that it can be wom by the user with a minimum of discomfort 
and inconvenience, while at the same time allowing for the close control over flow rate that is required for safe and 
effective delivery of insulin and other drugs. Preferred embodiments of the device have a two-part construction in which 

25 the more expensive electronic components are housed in a reusable portion and the fluid delivery components are 
housed in a separable disposable portion. This is advantageous not only in reducing the effective cost of the device 
to the user, but also in assuring sterility of the drug and preventing fluid contamination of the reusable portion by 
confining the fluid flow path to the disposable portion. Also, because control over the flow rate of the drug is carried 
out electronically, variable and/or programmable control over the flow rate is possible. This renders the device partic- 

30 ularly suitable forthose drugs (such as insulin) that require different delivery rates at different times for different patients. 
[0014] In accordance with the first embodiment of the present Invention, a wearable, self-contained device for de- 
livering a liquid medication by continuous infusion into a patient comprises a disposable portion and a reusable portion 
that is removably connected to the disposable portion. The disposable portion comprises a housing, a reservoir in the 
housing for containing a supply of the liquid medication and for delivering the liquid medication underpressure, and a 

35 delivery cannula carried by the housing. A flow channel conducts the liquid medication from the reservoir to the delivery 
cannula. The reusable portion comprises a closed loop control circuit for maintaining a predetermined flow of liquid 
medication through the flow channel of the disposable portion. The Infusion device also includes a flow control valve 
in at least one of the disposable and reusable portions for controlling the flow of liquid medication through the flow 
channel from the reservoir to the delivery cannula; an actuator in at least one of the disposable and reusable portions 

40 for actuating the flow control valve, the actuator being electrically connectabie to the closed loop control circuit of the 
reusable portion; and a flow sensor in at least one of the disposable and reusable portions for sensing the flow of liquid 
medication through the flow channel of the disposable portion, the flow sensor being electrically connectabie to the 
closed loop control circuit of the reusable portion. 

[0015] In a particularly preferred implementation of the first embodiment of the invention, the reservoir comprises at 
45 least one Belleville spring element for pressurizing the liquid medication contained in the reservoir. In this embodiment, 
the flow control valve may comprise a fixed obstruction in the flow channel and a flexible membrane that is held in 
contact with the obstruction by the actuator, with such contact preventing liquid flow through the flow channel except 
when the actuator is energized by the control circuit. The actuator preferably comprises a piezoelectric element which, 
when energized by the control circuit, flexes to allow the membrane to separate from the obstruction so that the liquid 
50 medication can flow through the flow channel. The piezoelectric element is preferably energized in a pulsatile manner 
by the control circuit, so that the flow control valve is repeatedly opened and closed with a duty cycle that maintains a 
predetennined average flow rate of the liquid medication through the flow channel. The flow sensor preferably com- 
prises a thermal emitter and a thermal detector, both of which are in thermal contact with the liquid medication flowing 
in the flow channel, with the thermal emitter being located upstream of the thermal detector relative to the direction of 
55 liquid flow in the flow channel. Preferably, at least one wall of the flow channel comprises a flexible membrane which 
fomns an exposed face of the disposable portion that is brought into contact with the reusable portion when the dis- 
posable and reusable portions arc connected together. In this embodiment, the actuator and flow sensor may be con- 
tained in the reusable portion and may operate through the flexible membrane of the disposable portion, so that the 
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flow channel can remain sealed when the reusable portion is disconnected from the disposable portion. 
[0016] In accordance with a second embodiment of the present invention, a wearable, self-contained device for 
delivering a liquid medication by continuous infusion Into the skin of a patient Is provided that is similar in overall 
construction to the embodiment described previously, except that the reservoir In the disposable portion is not required 

5 to deliverthe liquid medication under pressure. The disposable portion of the device comprises the housing, a reservoir 
in the housing for containing a supply of the liquid medication, a delivery cannula carried by the housing, and a flow 
channel for conducting the liquid medication from the reservoir to the delivery cannula. As in the previously-described 
embodiment, a reusable portion of the device Is removably connected to the disposable portion, and includes a closed 
loop control circuit for maintaining a predetermined flow of liquid medication through the flow channel of the disposable 

10 portion. In this embodiment, however, the infusion device further includes a pump in at least one of the disposable and 
reusable portions for pumping the liquid medication through the flow channel from the reservoir to the delivery cannula, 
the pump being electrically connectable to the closed loop control circuit; and a flow sensor in at least one of the 
disposable and reusable portions for sensing the flow of liquid medication through the flow channel, the flow sensor 
being electrically connectable to the closed loop control circuit. 

15 [0017] In a particularly preferred implementation of an infusion device in accordance with the second embodiment 
of the invention, the pump is contained in the disposable portion and comprises a diaphragm pump that is driven by 
an actuator in at least one of the disposable and reusable portions. The actuator preferably comprises a piezoelectric 
element, which may be of the conventional disk type or of the cantilevered type. The diaphragm pump preferably 
comprises one or more check valves for restricting the flow of liquid medication to a single direction. As in the previously- 

20 described embodiment, the flow sensor preferably comprises a themnal emitter and a thennal detector, both of which 
are in thermal contact with the liquid medication flowing in the flow channel, with the thermal emitter being located 
upstream of the themial detector relative to the direction of liquid flow in the flow channel. Preferably, at least one wall 
of the flow channel comprises a flexible membrane which forms an exposed face of the disposable portion that is 
brought into contact with the reusable portion when the disposable and reusable portions arc connected together. In 

25 this embodiment, the flow sensor may be contained in the reusable portion and may operate through the flexible mem- 
brane of the disposable portion, so that the flow channel can remain sealed when the reusable portion Is disconnected 
from the disposable portion. 

[0018] in accordance with a further aspect of the present invention, a system for delivering a liquid medication by 
continuous infusion into or through the skin of a patient may comprise three separate components. The first component 

30 is a disposable portion comprising a housing, a reservoir in the housing for containing a supply of the liquid medication, 
a delivery cannula carried by the housing, and a flow channel for conducting the liquid medication from the reservoir 
to the delivery cannula. The second component is a reusable portion that Is removably connectable to the disposable 
portion. The reusable portion contains electrical flow control circuitry for controlling the flow of liquid medication in the 
flow channel of the disposable portion in response to wireless control signals. The reusable and disposable portions, 

35 when connected to each other, constitute a wearable, self-contained infusion device. The third component is a wireless 
unit that is separate from the usable and disposable portions. The wireless unit transmits wireless control signals to 
the reusable portion to control the flow of liquid medication in the flow channel of the disposable portion. 
[0019] In particularly preferred embodiments of a liquid medication delivery system In accordance with this aspect 
of the present invention, the wireless unit transmits either radio frequency or optical (e.g., infrared) signals to the 

40 reusable portion. The wireless unit preferably includes a keypad and a display device, and may also receive and display 
status infonnation that is transmitted by the reusable portion. Examples of status information may include a flow rate 
of the liquid medication, an amount of time remaining until the reservoir in the disposable portion becomes empty, a 
quantity of liquid medication remaining in the reservoir of the disposable portion, a warning to the user that the flow 
rate of liquid medication in the disposable portion is Incorrect, and an indication of a battery condition In the reusable 

^5 portion. 

Brief Description of the Drawings: 

[0020] The various objects, advantages and novel features of the present invention will be more readily understood 
50 from the following detailed description when read in conjunction with the appended drawings, in which: 

Fig. 1 Is a perspective view of a fully assembled drug infusion device constructed in accordance with a first em- 
bodiment of the present invention; 

Fig. 2 Is a partially exploded perspective view of the drug infusion device shown in Fig. 1 , with the reusable portion 
55 of the device shown removed from the disposable portion of the device; 

Fig. 3 is an enlarged, exploded perspective view illustrating the internal components of the reusable portion of the 
drug infusion device shown in Figs. 1 and 2; 

Fig. 4 is an exploded view of the disposable portion of the drug infusion device shown in Figs. 1 and 2; 
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Fig. 5 is an enlarged cross-sectional view of the assennbled drug infusion device shown in Fig. 1 , taken along the 
line 5-5 in Fig. 1 ; 

Fig. 6 Is a magnified cross-sectional view of a portion of the circled area in Fig. 5, showing the fluid flow path as 
it appears when the piezoelectric element is de-energized; 
5 Fig. 7 is a magnified cross-sectional view similar to that of Fig. 6, showing the fluid flow path as it appears when 

the piezoelectric element is energized; 

Figs. 8 and 9 are cross-sectional views similar to that of Fig. 5, illustrating the operation of a fail-safe system which 
prevents the flow of liquid through the disposable portion of the drug infusion device when the reusable portion is 
not in place; 

10 Fig. 1 0 is a block diagram illustrating the principal electrical components housed in the reusable portion of the drug 

infusion device of Figs. 1-9; 

Figs. 1 1 A-1 1 E are flow charts illustrating the sequence of operations carried out by the microcontroller In the block 

diagram of Fig. 10; 

Fig, 12 is an exploded perspective view similar to that of Fig. 4, illustrating the disposable portion of a drug Infusion 
15 device constructed in accordance with a second embodiment of the present invention; 

Fig. 13 is an enlarged, exploded perspective view in which certain of the components shown in Fig. 12 are viewed 
from the bottom; 

Fig. 1 4 Is a magnified view of the circled area shown In Fig. 1 3; 

Fig. 1 5 Is a magnified cross-sectional view of the piezoelectric pump used in the disposable portion of the embod- 
20 iment shown in Figs. 12-14, as it appears during the fluid intake stroke; 

Fig. 16 is a magnified cross-sectional view similar to that of Fig. 15, showing the fluid exhaust stroke of the piezo- 
electric pump; 

Fig. 17 Is a cross-sectional view through the top cover of the disposable portion of a drug Infusion device In a 
modification of the embodiment shown in Figs. 12-16; 
25 Fig. 1 8 is an exploded perspective view similar to that of Fig. 12, illustrating certain components of a drug infusion 

device constructed in accordance with a third embodiment of the present Invention; 

Figs. 1 9 and 20 are cross-sectional views taken longitudinally through the outlet end of the liquid flow channel and 
through the delivery cannula in the embodiment of Fig. 18; 

Fig. 21 illustrates a wireless external programming unit that may be used to program the drug Infusion device of 
30 the present invention; and 

Fig. 22 is a block diagram illustrating the principal electrical components of the wireless external programming unit 
of Fig. 21. 

[0021] Throughout the drawings, like reference numerals will be understood to refer to like parts and components. 

35 

Detailed Description of the Preferred Embodiments; 

[0022] A first embodiment of a drug Infusion device 30 constructed In accordance with the present invention Is illus- 
trated in Figs. 1 and 2. The device 30 may be used forthe delivery of a liquid medication, preferably but not necessarily 

^0 insulin, by continuous infusion into or through the skin of a patient. The device 30 is intended to be worn on the surface 
of the skin by the user, with a cannula (hollow needle) penetrating Into the user's skin or transcutaneously through the 
skin into the subcutaneous tissue. Its design Is preferably such that the flow rate profile of the liquid medication is fully 
programmable and can be altered throughout the course of a day by the wearer. Although the present invention Is not 
limited to specific dimensions, the device 30 preferably has an overall size (excluding the delivery cannula and the 

45 cannula shield 1 00) of about 65 millimeters in length, 50 millimeters in width, and 1 2 millimeters in height. The delivery 
cannula may be rigid or flexible and may have any desired length, but a typical length is between 5 millimeters and 12 
millimeters. The cannula shield 100 may be about 15 millimeters in height, making the total height of the device 30 
about 27 millimeters. In lieu of a single delivery cannula, a plurality of microneedles may be used to deliver the liquid 
medication to the skin of the user. Since a typical microneedle length is only 0.5 millimeter, a device 30 constructed 

50 using microneedles may have a height dimension not much greater than 12 millimeters. The temi "delivery cannula" 
as used herein will be understood to include not only a hollow needle of the type shown in the drawings, but also one 
or more microneedles or other structures that deliver liquid medications into or through the skin, whether by skin pen- 
etration or othenwise. 

[0023] The device 30 includes a disposable portion 32 which contains the medicament reservoir, delivery cannula, 
55 skin adhesive and complete liquid flow path, as well as a removable reusable portion 34 containing a battery, logic 
controller chip, piezoelectric valve actuator, and flow sensor. The reusable portion 34 snaps Into place on the disposable 
portion 32, as shown In Figs. 1 and 2, without the need for special alignment or Interconnections for fluid flow paths. 
With this configuration, the user can dispose of the disposable portion every one to three days, whenever its internal 
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medteament resen/oir is empty, and can snap the reusable portion 34 onto a new disposable portion 32 for convenient 

[0024] A desirable feature of the device 30 involves the relationship between the disposable portion 32 and the 
reusable portion 34. It is desired by the user that the connection be reliable, that tt not I ak that 'TZ'! tha i 
Trfo^r ' T f'"""" contaminated with the medicaLnt such hi i^^ 

performance may be affected. To this end, the drug infusion device 30 utilizes a connection in which the l^d mel 
cament .s never m contact with the reusable component 34. As will be described in detail hereinafter the liZd flow in 
the disposable porton 32 is directed to a thin channel on its outside surface, and a thin membral fe seaSlS 
channel to serve as one wall of the liquid flow path. The reusable portion 34 of the device 30 perforrns flow sens 
«w control funcfons across this membrane without coming into direct contact with the liquid mrdfcament ^ 
[0025] Asw,llbedescnbed,thedelive,yconceptembodiedintheembodimentof Figs. 1 and2isthatofTpTessurized 
Z7Z T " r ''T^f ''^"^'^ '''' '^^^"-"g'^ the Skin of the w^a^lf ^^^^^^ 

f ow oath JZT P'^oelectric element is pressed against the membrane, nominally seaSng off he 

flow path until a voltage is applied to the piezoelectric element. The voltage causes the piezoelectric elernenJto bow 
or deflecawayfromthepinched-off flow path,thereby allowing theliquidmedicamenttopTsi^^^^^^^^^ 
By repeatedly apply ,ng and removing the voltage from the piezoelectric element, the devL acts in a pMe « 

^ n' 2 toL 'ZT" '^'^ ^'-'"-t (thatS h atTo Of I 

rno,r c detemiines the effective flow rate of the liquid medicament over time 

10026] For precise flow rate control, closed-loop operation of the drive circuit for the piezoelectric element is desired 

r T n ' '° ^'^^ "^'^k information to the controJer asto what ^oi 

ate IS actually being produced by a given modulation of the piezoelectric element. In the preferred e^od^nt f ow 
sensing « earned out by means of a "themial signature". Two stations along the flow path are se^rateS one 
Tsmlt J " T" ^'-t^--"y-"trolled heating element is located'a hfupsraT^^^^^^ and 

a small thermal sensor ,s located at the downstream station. To measure the flow rate of the liquid medicamem me 
following steps occur: (1) the piezoelectric element opens to its full "on" state to allow the liquidTeSentto f^^^^^^^ 
he maximum rate afforded by the current pressure in the resen^oir; (2) the heating element is then Szed 
tanly to "inject" a pulse of heat through the membrane and into the liqu d flow path a7d a t merrsta^^^^^^^^ 
he e ement of fluid into which the heat was injected reaches the dolstream them^al s! n o^^^^^^^ 
he p ezoelec trie element ,s closed. Since the distance between the healing and sensing sta ions isTrn and sin- 
he cross-sectional area of the liquid flow path is also known, a volumetric flow rate can be calcuLted ba^d on t^e 

nf th H fT" '° f'™"'^ " """•^y P^^««"^« °>'er the entire range from full to empty A^ a 

Imint it , ? . " "■''"''^ fl^* tf^at occurs when t e Sectrto 

tZll ypP""".'^ ^^'"^ « "kely to be small. Therefore, the flow sensor is reqldroperate 

in on^^asmall dynamic rangetooccasionallycalibra^^ 

[0027] Another feature of the device 30 shown in Figs. 1 and 2, to be described in more detail hereinafter is the "fail 
safe manner m which the flow of liquid medicament is started when the reusable portion 34Ts Tnapped onto he 
disposable portion 32. When the disposable portion 32 is initially provided to the user it fe oreferabiroSted wifh 
;an"SSe„T"' This a„o«s the pressurized reservoirto be' Eennetically sealed from e t^nS: ^ o^^^^^^^^ 
leakage^ When the reusable portion 34 is snapped into place, a resiliently-mountod protrusion on the top coSer oHhe 
disposable portion 32, which carries a small "start" cannula, is deflected downwardly until tt^e start c^nn^^^^^^^^ 
a protuberance at the edge of the reservoir, which contains an elastomeric sealing material. When throc^l "Je stTrt 
inf i^ilT T T"""'" ''""""^^ '"^ """'^ medicament into the main f ow pSh S he d u3 

SoTof .r'. ■ ^'^'"^'^ '"""""^ "^^'"'^'"^ "^^ ''^^ --al-'l and free of leaks ??e mllhantal 

tt flL. T?"""?'"" ""'"^"^ ''^ piezoelectric element is in place and property seated to pTnch off 
Mieflowchannel before the start cannulainitiates the flowfrom the reservoir. Inasimilar fashion if the«^ 

rpi=er=r~^ 

pezoetectric element 36, as well as a thermal emttter 38 and themial detector 40, are mounted on The bottom of a 
ZlrTV^ T^' « ''°«°'- '^"-^^^e Of the reusXoZ ^4 T^e bottom 

portion 34 of the device 30. The piezoelectric element 36, themial emitter 38 and thecal detectoMO expend slS^ 
beyond the bottom surface of the bottom cover 46. In this manner, the piezoelectric rrnentTther^^lSt 
and thermal detector 40 are placed into intimate and forced contact with the top surface of a memb anTso (Sbte^^ 
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Fig. 4) covering a recessed flow path area 52 formed in a plastic top cover 54 of the disposable portion 32. This forced 
contact allows the piezoelectric element 36 to seal off a flow channel 55 in the flow path area 52 until the piezoelectric 
element 36 is energized to allow the liquid medication in the disposable portion 32 to flow toward the delivery needle. 
In addition, the forced contact provides a short thennal conduction path so that the themnal emitter 38 and thermal 
5 detector 40 can operate effectively, A further advantage of the forced contact is that it takes up tolerances in the 
assembled components, so that the manufacturing will be more robust. 

[0029] Additional components in the reusable portion 34 of the device 30 include a coin-type battery 56 and a logic 
controller chip 58. The logic controller chip 58 controls the piezoelectric element 36 in response to inputs received from 
the flow sensor comprising the themnal emitter 38 and thennal detector 40. In this way, the logic controller chip 58 

10 regulates the flow rate of the liquid medication through the flow path channel 55 of the disposable portion 32. A second 
function of the logic controller chip 58 is to provide wireless, two-way radio frequency (RF) or Infrared (IR) communi- 
cation with an external programming unit. The extemal programming unit is not shown in Fig. 3, but wilt be described 
in detail below in connection with Figs. 20 and 21 . It will be understood that the circuit board 42 includes suitable 
electrically conductive paths (not shown) for interconnecting the piezoelectric element 36. themnal emitter 38, thermal 

15 sensor 40, battery 56 and logic controller 58. 

[0030] To assist the user in locating and seating the reusable portion 34 on top of the disposable portion 32, a tab 
60 is provided on each side of the bottom cover 46 of the reusable portion 34. One of these tabs is indicated at 60 in 
Fig. 3. The tabs 60 serve to locate and center the reusable portion 34 over the flow path area 52 of the disposable 
portion 32. The tabs 60 are received in holes 62 (visible in Figs. 2 and 4) located on either side of the flow path area 

20 52. This arrangement also serves to enhance the effectiveness of the themial emitter 38 and themnal sensor 40 which 
constitute the flow sensor of the reusable portion 34. Two tabs 64 on opposite sides of the top cover 48 of the reusable 
portion 34 snap into mating tabs 66 on the top cover 54 of the disposable portion 32 during assembly by the user, 
thereby securing the reusable portion 34 to the disposable portion 32. 

[0031] Fig. 4 is an exploded view of the disposable portion 32 of the drug infusion device 30 of Fig. 1 . A pressurized 

25 reservoir for the liquid medication is formed by two membranes 68 and 70 which are heat-scaled together around their 
edges. Before the membranes 68 and 70 are seated together, a septum seal piece 72 is dropped into a themrioformed 
pocket 74 in the lower membrane 70. The septum 72 acts as a self-sealing puncture location for starting the flow of 
liquid medication, as will be described hereinafter The sealed bladder fomned by the two membranes 68 and 70 is 
trapped between two identical Belleville spring disks 76 and 78, which are attached to one another by snaps 80 located 

30 around their peripheral edges. Due to the inward-pointing conical shape of the Belteville spring disks 76 and 78, the 
bladder formed by the heat-sealed membranes 68 and 70 is maintained under relatively constant pressure regardless 
of whether it is full or empty. Further details concerning the use of Belleville spring disks in a fluid reservoir can be 
found in commonly-assigned U.S. Patent Nos. 5,957,895 and 6,074,369, both issued to Burton H. Sage and Robert I. 
Connelly, which are expressly incorporated herein by reference. 

35 [0032] The flow path of the liquid medication in Fig. 4 begins with a start cannula 82. The start cannula 82 is hubbed 
into a protrusion on the inside (lower) surface of the top cover 54 of the disposable portion 32, just below an inlet 84 
to the flow channel 55 that is formed in the outside (top) surface of the top cover 54 near one end of the flow path area 
52. The liquid medication then flows through the flow channel 55 to an outlet 88 located above a delivery cannula hub 
90. The flow channel 55 is preferably square in cross-section, with a width of about 0.01 inch and a height of about 

40 0.01 inch. A serpentine region 86 of the flow channel 55 serves as a flow resistor to limit the maximum flow rate of the 
liquid medication through the flow channel 55 during the "on" times of the piezoelectrk; element 36. A rigid (e.g. , stainless 
steel) or flexible delivery cannula 92 is hubbed into the cannula hub 90, completing the flow path into or through the 
skin of the user. To provide the fourth wall of the square flow channel 55 on the top surface of the top cover 54, the 
membrane 50 is sealed over the entire flow path area 52 by means of an adhesive, heat-sealing or any other suitable 

45 method. The membrane 50 is sufficiently thin, flexible and thennally conductive to allow the piezoelectric element 36. 
themnal emitter 38 and thermal detector 40 of Fig. 3 to perform their required functions. The membrane 50 may consist 
of any suitable material, but a preferred material is polycarbonate having a thickness of about 2 to 3 mils. 
[0033] The reservoir assembly (consisting of the membranes 68 and 70 and the Belleville spring disks 76 and 78) 
is snapped onto a plastic bottom cover 94 and enclosed by the top cover 54 to complete the assembly of the disposable 

so portion 32 of the drug infusion device 30. A liner 96 with adhesive layers on both sides i& used to adhere the device 
30 to the skin of the user during at least a 24-hour period. The delivery cannula 92 passes through a hole 98 in the 
liner 96. A cannula shield 100 is pushed onto the delivery cannula hub 90 to protect the delivery cannula 92 prior to 
use of the device 30. 

[0034] In alternative embodiments of the invention, the fixed delivery cannula 92 can be replaced by an extendible 
55 and/or retractable delivery cannula as shown, for example, in the aforementioned U.S. Patent Nos. 5,957,895 and 
6,074,369. Prior to use of the device 30, the delivery cannula can be held in a retracted position within the device 30. 
Following attachment of the device 30 to the user's skin, the delivery cannula can be manually or automatically extended 
so that it penetrates into or through the user's skin. After removal of the device 30 from the user's skin, the delivery 
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out section 1 1 6 of the top cover 54 (visible in Fig. 4) is defined around the channel inlet 84, allowing this section of the 
flow path area 52 to deflect downwardly to provide a cantilever spring effect. Once the protuberance 1 1 4 makes contact 
with the cantilevered section of the flow path area 52, further downward movement of the reusable portion 34 Is resisted 
by a slight spring force resulting from the downward deflection of the cantilevered section of the flow path area 52. 

5 This spring pressure serves the function of providing tactile feedback to the user of impending closure of the snap tabs 
66 (Fig. 2), and also helps to push the reusable portion 34 upwardly and to separate it from the top cover 54 of the 
disposable portion 32 when the user desires to separate the disposable and reusable portions 32 and 34. The final 
actions which take place upon pushing the reusable controller into place are the engagement of the tabs 64 (visible in 
Figs. 2 and 3) on the sides of the top cover 48 of the reusable portion 34 with the corresponding tabs 66 formed on 

10 the top cover 54 of the disposable portion 32, thereby securing the reusable portion 34 in place on the disposable 
portion 32, and the simultaneous deflection of the cantilevered section of the flow path area 52 in a downward direction. 
This latter deflection causes the start cannula 82 to puncture the top membrane 68 of the liquid reservoir and the self- 
sealing septum 72, as shown in Fig. 9. Only when the start cannula 82 punctures the membrane 68 and septum 72 
can the liquid medication enter the flow channel 55. Since the piezoelectric element 36 is already firmly in place against 

15 the membrane 50 at this point, thus blocking the channel 55 at the location of the dam 1 06, the liquid medication cannot 
reach the delivery cannula 92. Thus, the flow of liquid medication is under control at all times. 
[0038] To facilitate the user's removal of the reusable portion 34 from the disposable portion 32, the snap tabs 66 
are carried by removable release buttons 11 8 as shown in Figs. 2 and 4. By pressing the release buttons 118, the tabs 
66 can be disengaged from the corresponding tabs 64 on the sides of the reusable portion 34, thereby allowing the 

20 reusable portion 34 to be pivoted upward and removed from the disposable portion 32. When this occurs, the canti- 
levered section of the flow path area 52 springs upward to the position shown in Fig. 8, thereby assisting in the removal 
of the removable portion 38. At the same time, the upward movement of the cantilevered portion of the flow path area 
52 causes the start cannula 82 to withdraw from the septum 72, causing the flow of liquid medication from the reservoir 
to cease. This occurs just before the piezoelectric element 36, thermal emitter 38 and thennal detector 40 lose control 

25 effectiveness. Thus, by the time these components become ineffective, further flow of the liquid medication through 
the channel 55 is no longer possible. 

[0039] Fig. 1 0 is a block diagram which Illustrates the principal electrical components of the reusable portion 34 of 
the drug infusion devk;e 30. Included in Fig. 10 are the piezoelectric element 36 and logic controller 58 of Fig. 3, a 
portion of the flow channel 55 of Fig. 4, and a wireless handheld programmer 270 for the logic controller 58. Associated 

30 with the flow channel 55 arc the thermal emitter 38 and thermal detector 40, the thermal detector 40 being located 
downstream of the themnal emitter 38 relative to the direction of fluid flow. The flow channel 55 and Its associated 
components are shown schematically in Fig. 10, but it will be understood that the thermal emitter 38 and thermal 
detector 40 are not, in the preferred embodiment of the invention, physically present within the channel 55 but instead 
are separated from the channel 55 by the membrane 50 of Fig. 4. The thennal emitter 38, which is preferably a common 

35 surtace mount resistor, is controllably driven by a pulse train generation circuit 128 which is in turn controlled by a 
microcontroller 132. The pulse train generation circuit 128 is configured to produce one or as many as four square 
wave voltage pulses of 1-2 seconds duration at a 50% duty cycle. It requires only a single output trigger from the 
microcontroller 132 to begin. The thermal detector 40, which is preferably a small thermistor element, is controllably 
driven by a current source 1 22 such that it produces a voltage that is directly proportional to its resistance, and inversely 

"^0 proportional to its temperature. This voltage is coupled to the input of a bandpass filter/amplifier 1 30. The output of the 
bandpass filter/amplifier 130 is coupled to the input of a differentiator amplifier 131 , whose output is coupled directly 
to an input of the microcontroller 1 32. Any changes in the temperature of the liquid flowing in the flow channel 55 effect 
a change in the resistance of the thermistor 40 and hence a change in the voltage at the input of the bandpass filter/ 
amplifier 130. The bandpass filter/amplifier 1 30 acts to filter out any frequencies above that produced by the pulse train 

45 generator 128, and to amplify the resulting signal for the next stage. The differentiator 1 31 will produce a quick spike 
signal at the input of the microcontroller 132 when its input receives a voltage change at a frequency that would pass 
through the bandpass filter/amplifier 130. The overall effect of this circuit is to apply a sharp rising edge signal to the 
microcontroller 132 whenever the thennal detector 40 senses the flow channel heat signal from the thermal emitter 
38. Based on the measured time delay between energization of the thennal emitter 38 and detection of a signal from 

50 the thennal detector 40, the microcontroller 1 32 detemnines the Instantaneous volumetric flow rate of the liquid medi- 
cation In the flow channel 55. The measured flow rate Is compared with the desired value and used by the microcontroller 
1 32 to energize the piezoelectric element 36 with a variable duty cycle by means of a pulse train generator 1 26 and a 
DC-to-DC converter 124. The DC-to-DC converter increases the voltage amplitude at the output of the pulse train 
generator 126 to a level that is adequate to drive the piezoelectric element 36. 

55 [0040] Detemnination of the flow rate of the liquid medk:ation in the flow channel 55 of Fig. 1 0 is carried out with the 
use of a stored lookup table. A measured time delay value representing the Interval between energization of the thermal 
emitter 38 and detection of an elevated fluid temperature at the thennal detector 40 Is converted to a memory address 
and applied as an input to a memory device (not shown) within the control microcontroller 132 of Fig. 10. The output 
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of the memory device is the corresponding liquid flow rate value, which Is compared with the known target value and 
used to increase or decrease the duty cycle of the piezoelectric element 36 as required to maintain the user-defined 
flow rate. In this way the desired closed-loop control is achieved. The measured flow rate value may also be used to 
provide an alarni or status output to the user, as will be discussed below in connection with the wireless programmer 
270. Typically, the measured time delay value will not precisely match any of the reference values which are used to 
access the flow rates stored in the memory device. In these instances, a linear interpolation procedure can be used. 
[0041] In orderto compile the look-up table in the first Instance, empirical measurements maybe made in a laboratory 
setting using a channel geometry identical to that used in the drug Infusion device 30. A known flow rate of Insulin is 
established In the channel and a corresponding time delay value is obtained by applying a pulse train to the thermal 
emitter 38 and measuring the time elapsed until the resulting rise In liquid temperature In the channel is detected by 
the themnal detector 40. This procedure is repeated for a number of flow rates (preferably about 10) to produce a 
corresponding number of time delay values. The flow rates corresponding to these values are then stored In the memory 
device of the microcontroller 132 at addresses that can be correlated to the measured time delay values. 
[0042] As an alternative to the empirical method, a mathematical formula may be used to relate flow rates to time 
delay values. The following parameters are employed: 

• Time Lag = The actual measured amount of time between initiation of a pulse train at the thermal emitter 38 and 
the receipt of the differentiator 1 31 output at the microcontroller 1 32. Time Lag is equal to the sum of Time of Flight, 
Conduction Lag and Convection Lag. 

• Conduction Lag = The amount of time required for the themnal emitter 38 to heat itself, the upstream portion of the 
membrane 50, the downstream portion of the membrane 50, and the thermal sensor 40. 

• Convection Lag = The amount of time required for the heat produced by the thermal emitter 38 to be sensed by 
the themnal detector 40 based on convection into the liquid in the flow channel 55 from the upstream portion of 
the membrane 50. 

• Time of Flight = A calculated parameter which is equivalent to the amount of time required for the liquid medication 
to physically flow from the themnal emitter 38 to the thermal detector 40 at the current flow rate being measured. 

[0043] It is assumed that the Conduction Lag and Convection Lag parameters are both constants for the drug Infusion 
device 30 when manufactured in large quantity at controlled tolerances. These constants can be detemiined empirically 
from a large sample of finished devices 30, and can be used to create the lookup table for Flow Rate versus Time Lag. 
The lookup table Is created by applying the following mathematteal formula to the data collected: 

Flow Rate = Volume of f lowpath between stations 

[Time Lag - (Conduction Lag + Convection Lag)] 

[0044] As a further alternative, the mathematical fomaula set forth above may be used by the microcontroller 1 32 of 
Fig. 1 0 to calculate flow rate values in real time. This would avoid the need to compile and store a lookup table, but it 
would also place a greater computational burden on the microcontroller 1 32 during nonnal operation of the drug infusion 

device 30. 

[0045] Figs. 11A-11 E are flow charts which describe the operation of the microcontroller 132 of Fig. 10. Fig. 11A 
describes the operation of the microcontroller 1 32 during the basal delivery (default) mode of the drug infusion device 
30, while Fig. 11 B describes the operation of the microcontroller 1 32 when a bolus delivery is requested by the user. 
Fig. 11 C is a microcontroller subroutine which is used for flow rate sensing, while Fig. 11 D describes a microcontroller 
subroutine which is called when the user wishes to load a new daily program into the drug infusion device 30. Finally, 
Fig. 11 E describes a subroutine which is called by the microcontroller when status information Is to be exchanged 
between the logic controller 58 and handheld wireless programmer 270 of Fig. 1 0. 

[0046] Referring first to Fig. 11 A, the microcontroller 132 begins the basal delivery mode in block 140 by Initiating 
the flow of liquid medication in the flow channel 55 for a period of between 2 and 5 seconds. In block 1 42, the subroutine 
of Fig. 11 C (to be described shortly) is called to measure the resulting flow rate. Based on the measured flow rate and 
the user's current basal requirement, the microcontroller 132 calculates in block 144 the duty cycle of the plezoelectrte 
element 36 that is required to achieve the desired average flow rate. This duty cycle is then employed as a the nominal 
value during the next pass through the flow chart of Fig. 11 A, and is adjusted as necessary to maintain the average 
flow rate at the target value. This process continues indefinitely during normal operation of the drug infusion device 30. 
[0047] Fig. 11 B illustrates the operation of the microcontroller 132 during the bolus delivery mode. This mode may 
be triggered by the user prior to mealtimes or whenever a bolus delivery of insulin is required. In block 146, a bolus 
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delivery command from the wireless programmer 270 is received by the logic controller 1 58 and causes the microcon- 
troller 132 to inten^upt basal mode delivery. In block 148, the microcontroller 1 32 modifies the duty cycle of the piezo- 
electric element 36 to 1 00% "on" and 0% "ofT' so that the flow channel 55 is continually open. In block 150, the resulting 
flow rate in the flow channel 55 is measured after one minute and is averaged with previous measurements. In block 

5 152, the microcontroller 132 calculates the total volume of bolus dose which has been delivered so far based on the 
average flow rate and the elapsed time. In block 154, a detennination is made as to whether the full bolus dose has 
been delivered. If it has not. the microcontroller returns to block 150 and repeats the steps described in blocks 150-1 54. 
Once it is detenmined in block 1 54 that the full bolus dose requested by the user has been delivered, the microcontroller 
proceeds to block 156 and returns to the basal delivery mode of Fig. 11 A. 

10 [0048] The flow rate sensing subroutine carried out by the microcontroller 1 32 is illustrated in Fig. 1 1 C. As indicated 
in block 158, this subroutine may be called by the microcontroller 132 either during the basal delivery mode of Fig. 11 A 
or during the bolus delivery mode of Fig. 11 B. in block 1 60, the microcontroller 132 initiates a pulse train by the pulse 
train generator 128 of Fig. 10. This causes heat to be generated in the flow channel 55 by the themnal emitter 38. In 
block 162, a flow timer is started in the microcontroller 132. In block 164, an Input from the differentiator 131 of Fig. 10 

IS causes the microcontroller 132 to stop the flow timer. In block 1 66, the value of the flow timer is read and is used to 
obtain a corresponding flow rate value from the lookup table in the memory of die microcontroller 132. In-block 168, 
the microcontroller 132 determines whether the flow rate is within the range of values contained in the lookup table. If 
it is, the microcontroller 132 simply retums in block 170 to the interrupted routine (i.e., to the basal delivery mode of 
Fig. 1 1 A or the bolus delivery mode of Fig. 1 1 B) along with flow rate value required by that routine. However, if the flow 

20 rate Is outside the range of values contained in the lookup table, the microcontroller returns in block 1 72 to the inter- 
rupted routine with an indication of an overflow or underflow error. The error indication causes the microcontroller 132 
to generate an alarm to the user via the wireless programmer 270 of Fig. 1 0. 

[0049] Fig. 11 D describes a subroutine which is called by the microcontroller 132 of Fig. 10 when the user desires 
to enter a new liquid medication delivery program into the drug Infusion device 30, or to update a previously-entered 
25 program. In block 1 74, the receipt of an RF signal from the wireless programmer 270 of Fig. 1 0 causes the microcon- 
troller 132 to call the subroutine. In block 1 76, the new delivery program is received from the wireless programmer 270 
and entered into the memory of the microcontroller 132. In block 178, the microcontroller 132 returns to the routine 
(typically the basal mode routine of Fig. 11A or the bolus mode routine of Fig. 11 B) which was interrupted by the 
subroutine of Fig. 11 D. 

30 [0050] Fig. 1 1 E illustrates a subroutine which is called by the microcontroller 1 32 to exchange status information with 
the wireless programmer 270 of Fig. 10. In block 180, the receipt of an RF signal from the wireless programmer 270 
causes the microcontroller 132 to call the subroutine. This signal may result from a user input or may be produced 
periodically and automatically by the wireless programmer 270 without any action by the user. In block 1 82, the micro- 
controller 132 causes the logic controller 58 to upload status infonnation and error indications (alarms) to the wireless 

35 programmer 270. Once this process is complete, the microcontroller 132 proceeds to block 184 and retums to the 
routine that was interrupted when the subroutine of Fig. 11 E was called. 

[0051] Several modifications are possible in the embodiment of Figs. 1-10 and 11 A-11 E. For example, the piezoe- 
lectric element 36 may be relocated from the reusable portion 34 of the drug infusion device 30 to the disposable 
portion 32 (e.g., by bonding the element 36 to the top surface of the membrane 50). Also, the thermal emitter 38 and 

40 thermal sensor 40 may be formed as films or layers (e.g., by silk screening or the like) directly on the membrane 50. 
For example, by forming the thermal emitter 38 and thermal sensor 40 on the underside of the membrane 50, they 
may be placed in direct contact with the liquid medication in the flow channel 55 and may thus operate more efficiently. 
As a further modification, additional thermal detectors 40, either upstream or downstream of the thermal emitter 38, 
may be added to improve the quality of the signal by anticipating changes In ambient temperature conditions. 
[0052] Figs. 12-17 illustrate the disposable portion of a drug infusion device 200 constructed in accordance with a 
second embodiment of the present invention. This embodiment differs from the first embodiment of Figs. 1-10 and 
1 1 A-11 E in the manner by which motive force is applied to the liquid medication for its delivery. In the first embodiment, 
a reservoir with externally applied spring force is utilized to pressurize the liquid medication. The pressurized liquid 
then passes through a piezoelectric valve which is modulated under electronic control to produce a controlled flow 

50 rate. In the embodiment of Figs. 1 2-17, by contrast, a pressurized reservoir is not required. The motive force for the 
liquid medication is provided by a micropump which comprises two injection-molded plastic parts, two membranes, 
and a piezoelectric element driven by electronic control. As in the first embodiment, a reusable portion (not shown in 
Figs. 12-17 but externally similar to the reusable portion 34 of Fig. 2) containing the required electronic components 
is provided as a separate unit which snaps into place on a disposable portion containing the liquid medication. This 

55 avoids the need for scaling the liquid flow path and eliminates the risk of leakage or contamination of the liquid medi- 
cation. The only materials contacting the liquid medication are. as before, plastic parts or membranes. The embodiment 
of Figs. 1 2-1 7 is also similar to the previous embodiment in that a thermal flow sensor is employed to allow for closed- 
loop control of the liquid flow rate through the delivery cannula. The electronic control system for the second embod- 
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iment of Figs. 12-17 (and for the third embodiment of Figs. 18 and 19, to be described hereinafter) is not described in 
detail herein, but will be understood to be similar to that of Figs. 10and 11A-11E. 

[0053] Fig. 12 is an exploded view of the drug infusion device 200 in accordance with the second embodiment of 
the present invention. Parts of the device 200 which are similar or identical to those of the device 30 of the first em- 
bodiment are labeled with con-esponding reference numerals (with primes added). Several features unique to the 
second embodiment may be observed in Fig. 12. First, unlike the device 30, the device 200 of Fig. 12 utilizes a reservoir 
assembly which consists only of the membranes 68' and 70' and does not include the Belleville spring disks 76 and 
78. Since the reservoir is not pressurized, the Belleville spring disks 76 and 78 are not required. For the same reason 
the serpentine area 86 of the flow channel 55 in the devfce 30 is not required in the flow channel 55' of the device 20o' 
FinalV, the device 200 differs from the last devtee 30 In that it Includes a modified top cover 54' that cooperates with 
a valve membrane 202 and a lower valve body 204. These two components, in combination with the lower side of the 
top cover 54- acting as an upper valve body, form a micropump that is driven by a piezoelectric element (not shown in 
Fig. 12) located in the disposable portion of the device 200. 

[0054] As in the previous embodiment, the liquid medication is contained in a reservoir formed by the membranes 
68' and 70', which are sealed together with a septum 72' between them. A start cannula 82' is epoxy-bonded to a hub 
in the top cover 54', and pierces the septum 72' to start the flow of liquid mediation to a flow channel 55' in the top 
surface of the top cover 54'. The flow channel 55' is sealed at the top by a membrane50' and carries the liquid medication 
past the flow sensor of the reusable portion, as in the previous embodiment. At the end opposite to the start cannula 
82'. the flow channel 55' communicates with a hole 206 fomied vertteally through the top cover 54' The hole 206 is 
aligned with a somewhat larger hole 208 formed in the valve membrane 202. The liquid medication passes through 
the aligned holes 206 and 208 and enters one end 210 of an inlet channel 212 that is formed in the top surface of the 
lower valve body 204. After passing through a pair of check valves (to be described shortly), the liquid medication flows 
through an outlet channel 21 4 in the lowervalve body 204 and exits through a delivery cannula 92'. The delivery cannula 
92' IS carried by a cannula hub 216, which extends integrally from the bottom of the lower valve body 204 The inlet 
and outlet channels 212 and 214 are open at the top but are closed by the valve membrane 202 in the assembled 
condition of the device 200. 

[0055] Fig. 1 3 illustrates the top cover 54'. valve membrane 202 and lower valve body 204 as they appear from a 
bottom view. Preferably, these three components are secured together by laser welding so that very accurate and leak- 
free seals are created. Fig. 14 is a magnified view of the circled area shown in Fig. 13. illustrating the upstream and 
downstream check valves 218 and 220 which are fomf,ed in the lower surface of the top cover 54'. Laser-drilled flow 
holes 222 and 223 are fonned In the valve membrane 202 and are centered over the check valves 218 and 220 
respectively. ' 

[0056] The operation of the check valves 21 8 and 220 during the pump Intake and exhaust strokes Is illustrated in 
Figs. 15 and 16. To understand these views, it should be pointed out that the piezoelectric element 36' is in this 
embodiment, preferably made a part of the disposable portion of the device 200 rather than a part of the reusable 
portion. With this modification, it becomes possible to adhesively bond the lower surface of the piezoelectric element 
36_ to the upper surface of the membrane 50', which in turn allows the piezoelectric element 36' to force the membrane 
50 in either an upward or downward direction. This allows the check valves 218 and 220 to operate in the manner 
Illustrated in Figs. 15 and 16. as will be described below. Aligned metal contacts (not shown) may be provided in the 
disposable and reusable portions of the device 200 to provide electrical continuity between the piezoelectric element 
36 and the dnvecircuitry in the reusable portion of the device 200. As an alternative to placing the piezoelectric element 
36 in the disposable portion, it may be placed in the reusable portion (as in the embodiment illustrated in Figs 1-10 
and 11 A-1 1 E) and adhered temporarily to the upper surface of the membrane 50' when the disposable and reusable 
portions are coupled together, as for example by means of a tacky layer or a film of viscous oil 
[0057] Against this background, the pump intake and exhaust strokes of Figs. 15 and 16 may now be explained 
Dunng the intake stroke of Fig. 1 5, the piezoelectric element 36' is energized and bows upwardly pulling up the mem- 
brane 50' on the top cover 54'. This creates a vacuum beneath the membrane 50'. which is transmitted to the check 
valves 21 8 and 220 through laser-drilled holes 224 and 226. respectively, formed in the top cover54'. Atthe downstream 
check valve 220, which is located nearest to the delivery cannula 92', the valve membrane 202 is pulled upward This 
acts to seal off the flow hole 223 against the seat 228 of the downstream check valve 220. At the same time the 
vacuum pulls the valve membrane 202 in an upward direction away from the seat 230 of the upstream check valve 
218, thereby allowing the liquid medication to pass through the flow hole 222 of the check valve 218 from the inlet 
channel 212. The flow of liquid medication passes through the upstream check valve 218. through the laser-drilled 
hole 224, and into the cavity fonned under the piezoelectric element 36' and membrane 50'. At this point the intake 
stroke ends and the exhaust stroke of Fig. 16 begins. The drive voltage to the piezoelectric element 36' is'temiinated 
and the piezoelectric element 36' collapses to a flat state, thereby creating an elevated pressure in the liquid-filled 
cavity beneath the membrane 50'. This pressure is transmitted to the check valves 21 8 and 220 via the laser-drilled 
holes 224 and 226. On the inlet side, this elevated pressure forces the valve membrane 202 against the valve seat 
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230 and prevents the liquid medication from flowing back into the reservoir. On the outlet side, the pressure causes 
the valve membrane 202 to separate from the valve seat 228 and thereby opens the flow path through the valve 
membrane 202 to the outlet channel 215, hub 21 6 and delivery cannula 92*. At this point, the exhaust stroke is complete 
and a new Intake stroke may begin. During each intake and exhaust cycle, predetennined quantity of liquid medication 

5 is delivered to the user through the delivery cannula 92'. 

[0058] Fig. 1 7 is cross-sectional view through the top cover 54" of a modified version of the embodiment shown in 
Figs. 12-16. In this version, the liquid reservoir 232 is created by a single membrane 234 that is sealed around its 
perimeter 236 against the inside of the top cover 54". The reservoir is filled through a self-sealing fill port 237. The 
liquid flow path begins at a through-hole 238 and communicates with a channel 240 fomried under the top membrane 

10 50" of the top cover 54". The flow of liquid medication then proceeds into the micropump through the valve membrane 
(not shown in Fig. 17 due to the scale of the drawing, but located between the top cover 54" and the lower valve body 
204") and the lower valve body 204" as described previously. The delivery cannula 92' of Fig. 12 is epoxy-bonded into 
the hub 216" and receives the flow of liquid medication directly from the micropump. As in the embodiment of Figs. 
1 2-1 6, the piezoelectric element 36" may be permanently affixed to the top surface of the membrane 50" (thus becoming 

15 a part of the disposable portion of the infusion device), or may be temporarily adhered to the membrane 50" only when 
the disposable and reusable portions of the infusion device are coupled together (thereby becoming a part of the 
reusable portion as in the embodiment illustrated in Figs. 1-10 and 11 A-11 E). 

[0059] Figs. 18 and 19 illustrate a drug infusion device 250 constructed in accordance with a third embodiment of 
the present invention. This embodiment is similar to the first embodiment of Figs. 1-10 and 11A-11E in that it relies on 
20 the use of a pressurized reservoir for containing the liquid medication and for delivering the liquid medication under 
pressure through the flow channel 55". The reservoir Is not shown in the exploded view of Fig. 18, but it will be under- 
stood to be similar to that used in the first embodiment as illustrated in Fig. 4. Also not shown in Fig. 18 (but included 
in the device 250) are the bottom cover 94, liner 96 and cannula shield 100 of Fig. 4. 

[0060] The principal difference between the embodiment of Figs. 1-10 and 11 A-11 E and the embodiment of Figs. 18 

25 and 19 is the manner in piezoelectric forces are used to control the flow of the pressurized liquid medication through 
the flow channel 55". In the embodiment of Figs. 1-10 and 11 A-11 E, a simple disk-type piezoelectric element 36 acts 
as a valve actuator to control the flow of liquid medication in the flow channel 55 via the membrane 50 and channel 
discontinuity 106 as shown in Figs. 6 and 7. In the embodiment of Figs. 18 and 19. a modified valve structure Is used 
and the disk-type piezoelectric element 36 is replaced by a cantilevered piezoelectric actuator 252. The cantilevered 

30 piezoelectric actuator 252 is clamped at one end 254 to the underside of the circuit board 42' of the reusable portion, 
and is left free at its opposite end 256. The resulting structure Is capable of greater deflection and greater actuation 
force at its free end 256 than is possible with a simple disk-type piezoelectric element, allowing for higher operating 
pressures. During operation of the device 250, the free end 256 of the cantilevered actuator 252 deflects upwardly and 
downwardly relative to the membrane 50" under the control of the logic controller chip 58'. 

35 [0061] Figs. 1 9 and 20 are cross-sectional views taken longitudinally through the outlet end of the flow channel 55" of 
Fig. 18, and illustrate the manner in which the cantilevered piezoelectric actuator 252 controls the flow of liquid med- 
ication into the delivery cannula 92". As illustrated, a hole 258 is fomied in the membrane 50" in alignment with the 
bore of the delivery cannula 92'. The proximal end of the delivery cannula 92' extends upwardly through the valve body 
204' (which in this embodiment has no valve function and merely acts as a support for the delivery cannula) and the 

40 top cover 54", and temninates at a level slightly above the top surface of the membrane 50". An elastomeric disk 260, 
made of latex rubber or the like, is stretched over the open end of the delivery cannula 92" and is bonded at its periphery 
to the top surface of the membrane 50". The combination of the elastomeric disk 260 and the surrounding membrane 
50" creates a hermetic seal for the liquid flow path. The action of the free end 256 of the cantilevered piezoelectric 
actuator 252 in pressing the stretched latex disk 260 against the blunt orifice at the top of the delivery cannula 

45 92" produces a valve function. In the condition shown in Fig. 19, in which the cantilevered piezoelectric actuator 252 
Is not energized, the valve is closed. When the cantilevered piezoelectric actuator 252 is energized, itis free end 256 
is deflected upwardly and the fluid pressure in the flow channel 55" (due to the pressurized reservoir) causes the latex 
disk 260 to expand upwardly and separate from the top opening of the delivery cannula 92". The valve is thereby 
opened, and the liquid medication flows from the channel 55" into the delivery cannula 92". As In the embodiment of 

50 Figs. 1 -1 0 and 1 1 A-1 1 E, the duty cycle of the cantilevered piezoelectric actuator 252 dictates the flow rate of the liquid 
medication through the flow channel 55" and delivery cannula 92". 

[0062] Other modes of operation are also possible with the arrangement shown in Figs. 19 and 20. For example, if 
the cantilevered piezoelectric actuator 252 is of the type that responds to both positive and negative driving voltages, 
a constant voltage of suitable plurality may be applied to force the free end 256 of the actuator 252 against the latex 
55 disk 250 during periods when it is desired to maintain the valve in a closed position. The voltage can then be reversed 
to open the valve. 

[0063] Fig. 21 illustrates the external configuration of one type of wireless external programming unit 270 which may 
be used to program the drug infusion device of the present invention. Although the dmg infusion device illustrated in 
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Fig. 21 is the device 30 of Figs. 1-10 and 11 A-11 E, it will be understood that the programmer 270 may also be used 
in connection with the embodiment of Figs. 12-17 and the embodiment of Figs. 18-20. In the Illustrated embodiment, 
the physical size of the programmer 270 is similar to that of a pocket calculator or personal digital assistant (PDA). As 
in the case of those devices, the programmer 270 Includes a numeric keyboard 272 and LCD-type display screen 274. 

5 Assuming that the device 30 is used for insulin Infusion, the user can use the programmer 270 to set, change or program 
the insulin flow rate in accordance with the user's needs. For example, as in the case of commercially available insulin 
pumps, a basal flow rate in the range of 0.2 units per hour to 5.0 units per hour can be selected. At mealtimes, the 
programmer 270 can be set to deliver a bolus flow rate of 1.2 milliliters per hour. The display screen 274 provides 
visual conf innation of the information keyed in by the user and also displays status infonnation concem ing the operation 

10 of the device 30. Glucose data may also reside In the programmer 270, either as a result of having been electronically 
transmitted or input to the programmer 270, created in the programmer 270, or keyed into the programmer 270 by the 
user. The user's carbohydrate intake data may also be keyed into the programmer 270. Based on insulin delivery 
history and glucose data, the programmer 270 can display suggested bolus doses and/or basal rate changes to the 
user. The user can accept or reject these suggestions as desired. 

15 [0064] The programmer 270 communicates wirelessly with the reusable controller 34 of the drug Infusion device 30, 
such as by radio frequency (RF) or optical infrared (IR) communication methods. These methods are well known in 
the art and need not be described in detail. RF transmission Is advantageous in that it does not require a direct line of 
sight and can take place through the user's clothing. However, RF transmission introduces certain regulatory issues 
and is also somewhat more susceptible to Interference from stray sources unless precautions (such as digital coding) 

20 are taken. IR transmission Is less susceptible to Interference and poses fewer regulatory difficulties, but It cannot 
penetrate clothing and requires a direct line of sight between the programmer 270 and the drug infusion device 30. 
Inductive coupling is another method that can be used to provide wireless communication between the programmer 
270 and the infusion device 30. In cases where wireless communication is not needed or desired, a "docking station" 
configuration can be used and hard-wired communication can take place between the programmer 270 and the infusion 

25 device 30 through electrically conductive contacts. 

[0065] As illustrated in Fig. 21 , the communication between the programmer 270 and the drug infusion device 30 is 
preferably two-way. This allows the programmer 270 to transmit flow rate settings and other commands to the drug 
infusion device 30, and also allows the drug infusion device 30 to transmit conf imnation of these settings and commands 
back to the programmer 270 to preclude the possibility of erroneous operation due to communication errors. The retum 

30 communication link also allows the drug infusion unit 30 to transmit status Information back to the programmer 270 so 
that it can be displayed to the user on the display screen 274. Such status information may include the actual flow rate 
of insulin in the device 30, the time or fluid quantity remaining before the reservoir in the disposable portion 32 becomes 
empty, overflow or underflow alarnis, a low battery condition In the reusable controller 34, and similar types of infor- 
mation. 

35 [0066] Fig. 21 is a block diagram which illustrates the principal electrical components of the programmer 270 of Fig. 
20. These components include the keypad 272 and LCD display 274 discussed previously, a microcontroller 276 for 
controlling the operation of the programmer 270, and an RF (or, if desired, IR) Interface 278 for communicating with 
the logic controller 58 of Fig. 10. The interface 278 can also provide wireless communication with an external personal 
computer (PC), allowing the user to download and/or upload insulin delivery schedules, glucose data, carbohydrate 

40 data, and software programs. Optionally, the programmer270 may also Include (or may be connectedto) a conventional 
strip glucometer 280 for obtaining blood glucose data from the user and applying the data as an input to the microcon- 
troller 276 for display and/or further processing. With direct inputs of the user's blood glucose levels, the programmer 
270 and infusion devrce 30 can operate in a "closed loop" mode that automatically adjusts the flow rate of Insulin as 
needed to maintain the user's blood glucose levels within fixed limits. 

45 [0067] The configuration and design of the programmer 270 can take a number of different forms. Functionally, it 
may serve only as a programmer for the drug infusion device 30, or it may serve as both a programmer and an integral 
blood glucose meter as discussed above. In the latter case, the programmer 270 can be packaged with a lancet device 
for the convenience of the user. The programmer 270 can also be designed for use with a docking station so that It 
can communicate with the user's desktop or laptop computer via a hard-wired connection. Alternatively, the same RF 

50 or I R communication link that is used to communicate with the dmg infusion device 30 can also be used to communicate 
with the user's computer, if the user's computer is suitably equipped. The programmer 270 can, if desired, be reduced 
in size so that it can be carried in a pocket or on a belt clip, similar to the manner in which a pager is earned. Further 
reductions In size to credit card, wallet, key fob and wrist watch configurations are possible. 

[0068] In addition to the basic functions that are required to control and monitor the drug infusion device 30, the 
55 wireless programmer 270 may be provided with related capabilities that are helpful to the user. For example, the pro- 
grammer 270 can store alarm records or blood glucose data that has been manually entered by the user. The pro- 
grammer 270 can also be designed to assist the user with carbohydrate counting, meal averaging, pattem management, 
insulin dose calculations and recommendations, advice for dealing with low or elevated blood glucose levels, and so 
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on. The programmer 270 can also incorporate a time-of-day clock, calendar, scheduler and other functions nomially 
associated with a personal digital assistant (PDA). 

[0069] In lieu of providing a dedicated programmer 270, the functions of the programmer 270 may be carried out by 
a commercially available PDA. Examples of suitable PDAs Include the Palm Pllot^*^ PDA that is available from 3Com 
Corporation of Santa Clara, California, and the Visor^" PDA that Is available from Handspring of Mountain View, Cal- 
ifomra. General-purpose IR interfaces and related software programs are already available from these vendors (as 
well as from aftemnarket sources) and can be used to establish two-way communication between the PDA and the 
drug Infusion device 30. Alternatively, if RF communication is desired, a dedicated RF module can be designed that 
can be plugged into an existing PDA. An advantage of using an off-the-shelf PDA as the programmer 270 is that many 
different types of software modules and hardware accessories already exist for these types of devices. Although in- 
tended for general use, these modules and accessories can be adapted to the requirements of the present invention. 
From the user's standpoint, the use of a PDA is advantageous because it can serve not only as a programmer 270 for 
the drug infusion device 30, but also as a general-purpose digital assistant. 

[0070] Although a wireless programmer 270 is preferred for use in the present invention, this is not essential. In 
some situations, it may be preferable to employ a programmer 270 which is connected to the drug infusion device 30 
by means of a hard-wired link, such as the docking port arrangement mentioned eariier. The hard-wired link may be 
temporary or pennanent, and would have the advantage of virtually eliminating any possibility of interference in the 
communication between the programmer 270 and the drug infusion device 30. It will also be appreciated that, in some 
implementations of the present invention, the programmer 270 may be eliminated entirely and some or all of Its functions 
incorporated Into the reusable portion 34 of the drug infusion device 30. 

[0071] Although the present invention has been described in reference to certain preferred embodiments thereof, It 
will be understood that the Invention is not limited to the details of these embodiments. Various substitutions and 
modifications have been described in the course of the foregoing description, and others are possible. For example, 
an integral blood glucose meter may be incorporated into the disposable portion of the infusion device 30. Also, by 
reversing the direction of liquid flow within the disposable portion 32, the device 30 may be used for sampling or 
monitoring of blood analytes rather than for infusion of liquid medications. Other substitutions and modifications will 
occur to those of ordinary skill in the art. All such substitutions and modifications are intended to fall within the scope 
of the invention as defined in the appended claims. 



Claims 

1 . A wearable, self-contained device for delivering a liquid medication by continuous infusion into a patient, compris- 
ing: 

a disposable portion comprising a housing, a reservoir In said housing for containing a supply of said liquid 

medication and for delivering said liquid medication under pressure, a delivery cannula carried by said housing, 

and a flow channel for conducting said liquid medication from said reservoir to said delivery cannula; 

a reusable portion removably connected to said disposable portion, said reusable portion comprising a closed 

loop control circuit for maintaining a predetermined flow of said liquid medication through said flow channel; 

a flow control valve in at least one of said disposable and reusable portions for controlling the flow of said 

liquid medication through said flow channel from said reservoir to said delivery cannula; 

an actuator in at least one of said disposable and reusable portions for actuating said flow control valve, said 

actuator being electrically connectable to said closed loop control circuit; and 

a flow sensor in at least one of said disposable and reusable pori:ions for sensing the flow of said liquid med- 
ication through said flow channel, said flow sensor being electrically connectable to said closed loop control 
circuit. 

2. A device as claimed in claim 1 , wherein said reservoir comprises at least one Belleville spring element for pres- 
surizing the liquid medication contained in said reservoir. 

3. A device as claimed in claim 1 , wherein said flow control valve comprises a fixed obstruction in said flow channel 
and a flexible membrane that Is held in contact with said obstruction by said actuator to prevent liquid flow through 
said flow channel except when said actuator is energized by said control circuit. 

4. A device as claimed in claim 3, wherein said actuator comprises a piezoelectric element which, when energized 
by said control circuit, flexes to allow said membrane to separate from said obstruction so that said liquid medication 
can flow through said flow channel. 
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A device as claimed in ciaim 4, wherein said piezoelectric element is energized in a pulsatile manner by said control 
circuit, so that said flow control valve is repeatedly opened and closed with a duty cycle that maintains said pre- 
determined average flow rate of said liquid medication through said flow channel. 

A device as claimed in claim 1 , wherein said flow sensor comprises a themnal emitter and a thennal detector in 
themial contact with the liquid medication flowing in said flow channel, said themnal emitter being located upstream 
of said thermal detector relative to the direction of liquid flow in said flow channel. 

A device as claimed in claim 1 , wherein at least one wall of said flow channel comprises a flexible membrane which 
forms an exposed face of said disposable portion that is brought into contact with said reusable portion when said 
disposable and reusable portions are connected together, and wherein said actuator and said flow sensor are 
contained In said reusable portion and operate through said flexible membrane of said disposable portion so that 
said flow channel can remain sealed when said reusable portion is disconnected from said disposable portion. 
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